The hormonal form of vitamin D, 1,25(OH)2 vitamin D3 11,25(OH)2D31, regulates colonic calcium absorption and colonocyte proliferation and differentiation. In this study, we have examined the effect of 1,25(OH)2D3 on membrane phosphoinositide turnover, protein kinase C activation, and regulation of intracellular calcium concentration ([Ca+2j1) 
Introduction
The hormonally active form of vitamin D, 1 Received for publication 6 March 1989 and in revised form 30 October 1989.
1. Abbreviations used in this paper: IP, IP2, and IP3, inositol-1-monophosphate, inositol-1,4-bisphosphate, and inositol-1,4,5-triphosphate; KRBG, KRB containing 180 mg% glucose; PI, PIP, and PIPP, phosphatidylinositol, phosphatidylinositol-4-phosphate, and phosphatidylinositol-4,5-bisphosphate.
calcium absorption and mineral metabolism (1) . More recently, it has been established that 1,25(OH)2D3 has potent influences on cell proliferation and differentiation in many tissues (2, 3). In several malignant cell lines, including some derived from colon carcinomas, 1,25(OH)2D3 has been shown to stimulate differentiation while inhibiting proliferation (4, 5) . The effect of 1,25(OH)2D3 on growth in normal tissues has been less extensively studied. Birge and Alpers (6) found that repletion of vitamin D-deficient rats rapidly stimulated intestinal mucosal cell proliferation, which was associated with a 20% increase in villus cell number by 32 h. The colonic epithelium is of interest since it manifests both the classic and nonclassic actions of vitamin D. Colonic calcium absorption is vitamin D-responsive, and in some circumstances, such as the short bowel syndrome, may be important in calcium homeostasis (7, 8) . In addition, the effect of 1,25(OH)2D3 on colonocyte growth and differentiation is of particular interest in view of epidemiologic evidence suggesting that sunlight exposure and dietary vitamin D and calcium intake may influence the prevalence of colonic carcinoma (9, 10) .
Many of the effects of 1,25(OH)2D3 on cellular function can clearly be attributed to its action as a steroidlike hormone. High affinity 1,25(OH)2D3 receptors are present in many cell types, including the colon, and interaction of the 1,25(OH)2D3-receptor complex with chromatin alters gene expression (1 1). Attention has focused recently, however, on cellular responses to 1,25(OH)2D3 that are very rapid (12) and are not blocked by inhibitors of transcription and translation (13). Several workers have suggested a "liponomic" action of 1,25(OH)2D3, where the secosteroid exerts direct effects on cell membranes (13-15). Studies in various cell types have indicated that 1,25(OH)2D3 alters membrane phospholipid content (13, 14) , fatty acid composition (13, 15), and fluidity (15).
The experiments described in this report demonstrate that 1,25(OH)2D3 rapidly stimulates colonic membrane phosphoinositide breakdown, generates inositol 1,4,5-triphosphate (OP3) and diacylglycerol, and increases colonocyte intracellular calcium concentration ([Ca+2] ,). As a consequence of the rise in diacylglycerol content and [Ca+2]j, 1,25(OH)2D3 also activates protein kinase C, a known regulator of proliferation and differentiation in many cell systems including the colonic epithelium (16, 17) . Moreover, in vivo injection of Isolation ofintact colonic epithelium. For the studies of phosphatidylinositol metabolism and protein kinase C activation, an intact rat colonic epithelium preparation was used. The colonic epithelium was isolated as described by Craven et al. (18) . Briefly, after anesthesia with pentobarbital (50 mg/kg i.p.), the colon was flushed with 20 Partial purification of protein kinase C. After incubation with 1,25(OH)2D3 or vehicle, 20 ml of ice-cold KRBG buffer was added to each tube and the contents immediately centrifuged at 500 g for 5 min. The pellets were then homogenized 15 strokes with a motor-driven teflon pestle in 5 ml of homogenization buffer containing 20 mM Tris-HCl, pH 7.5, 0.5 mM EGTA, 2 mM EDTA, 2.0 mM phenylmethylsulfonyl fluoride, 0.5 mM benzimidine, 5.0 mM 2-mercaptoethanol, and 10 mg/liter leupeptin (20) . The homogenate was subjected to ultracentrifugation at 100,000 g for 60 min and the supernatant SI (cytosolic fraction) saved. The pellet was gently resuspended in 5.0 ml of homogenization buffer containing 0.3% Triton X-100 (wt/ wt) and left on ice for 60 min before recentrifugation at 100,000 g for 60 minutes. The supernatant S2 (solubilized membrane fraction) was collected and both SI and S2 fractions were applied to DEAE-cellulose columns (Poly-prep columns, 0.8 X 4 cm, Bio-Rad Laboratories, Richmond, CA) that had been preequilibrated in the homogenizing buffer. In preliminary studies, the columns were washed with 16 ml of buffer and eluted with 32 ml of a linear gradient of 0-0.1 M NaCI in homogenization buffer. As most of the protein kinase C activity eluted in 0.035-0.055 M NaCl, for routine purposes the loaded columns were first washed with 8 ml of homogenizing buffer and then with 4 ml of the same buffer containing 0.02 M NaCI. Finally, protein kinase C was eluted in 2 ml of buffer containing 0.08 M NaCl. The eluted cytosolic or membrane fractions were assayed for protein kinase C activity on the same day.
Assay ofprotein kinase C.-Protein kinase C activity was determined using a histone phosphorylation assay, as described previously (20 Measurement of 1,2-diacylglycerol mass. Cell pellets were combined with 10 ml of 2:1 (vol/vol) chloroform/methanol and total cellular lipids extracted as described by Folch et al. (22) . An aliquot ofthis extract was assayed in triplicate for total lipid phosphorus as described by Bartlett (23) . Same-day aliquots of lipid extract were also assayed for 1,2-diacylglycerol mass by the diacylglycerol kinase procedure of Preiss et al. (24) with the following modifications. MOPS buffer, pH 6.6, was substituted for imidizole buffer, pH 6.6 (25). For each reaction tube, diacylglycerol. kinase (20 mU in 10 Ml) was combined with 50 Ml of reaction buffer (100 mM Na-morpholine propane sulfonic acid, pH 6.6, 100 mM NaCl, 25 mM MgCI2, 2 mM EGTA) plus 10 l of20 mM dithiothreitol and 10 Ml of 10 mM [y-32PJATP (5.0 X I04 cpm/nmol), and the mixture was incubated at 25°C for 30 min. as described by Wright et al. (26) . Duplicate aliquots of dioleoylglycerol standards or cellular lipid extracts were transferred to 75 X 12-mm capped polyethylene tubes (Sarstedt, Inc., Princeton, NJ) and dried under argon. A 20-,Ml aliquot of resuspension buffer (7.5% octyl-f-D-glucoside, 5 mM cardiolipin, 1 mM diethylenetriamine penta-acetic acid) was added, vortexed, and sonicated as described (24) . To this, 80 Ml of the enzyme-ATP mixture was added, followed by vortex mixing and incubation at 25°C for 30 min. The reaction was terminated by the addition of 1 (27) . Standard curves were generated from the assay of known amounts of 1,2-diacylglycerol and data expressed as nanomoles of 1,2 diacylglycerol/I00 nmol of lipid phosphorous (mol%) (26) .
Determination of labeled inositol phosphates and phosphoinositides. The 370C. The cells were collected by centrifugation at 500 g for 5 min at 4VC, and resuspended in buffer containing 145 mM NaCl, 5 mM KC1, 10 mM Hepes, 5 mM MgCl2, 10 mM 1-glucose, pH 7.2 (31). Studies were performed using buffers containing 1 mM CaCl2, or calcium-free with and without 1 mM EGTA. The kinetics of fluorescence changes in the fura-2-loaded colonocytes were analyzed using an SLM-4800 C spectrofluorometer (SLM Instrument, Inc., Urbana, IL). The cuvette containing the colonocytes was constantly stirred and maintained at 37-C. 1 
Results
Effect of J,25(OH)2D3 on colonic phosphoinositides and inositol phosphates. To examine the effect of 1,25(OH)2D3 on phosphatidylinositol metabolism, studies were performed using colonic epithelium that was prelabeled with [3H]myoinositol. As shown in Table I , administration of 10-8 M 1,25(0H)2D3 caused a decrease in the membrane content of labeled phosphoinositides within 15 s, with the most prominent response seen in the labeled PIPP content. Concomitantly, there was an increase in the colonic levels of inositol phosphates, with the greatest change seen in the IP3 content which increased more than twofold at 30 s and 1 min. As indicated in Table II Effect of J,25(OH)2D3 on colonic protein kinase C activity.
As shown in Fig. 3 , administration of 10-8 M l,25(OH)2D3 min. After addition of 20 ml of ice cold KRBG to each tube, the contents were centrifuged, and the pellets then homogenized in 5 ml of buffer. After ultracentrifugation at 100,000 g for 60 min, the supernatant SI (cytosolic fraction) was saved, and the pellet resuspended in homogenization buffer containing 0.3% Triton X 100 (wt/ wt) and left on ice for 60 min. After centrifugation at 100,000 g for 60 min, the supernatant S2 (solubilized membrane fraction) was collected. Protein kinase C in the S1 and S2 fractions was partially purified using DEAE-cellulose columns. Protein kinase C activities in the SI and S2 fractions were determined from the differences in phos- min. Cytosolic and solubilized membrane fractions were prepared; protein kinase C was partially purified and assayed as described in Fig. 3 . Data are expressed as percentage of total protein kinase C activity in each fraction, and are given as mean±SEM for nine determinations in three separate experiments. *P < 0.05; *P < .001 vs. 
Discussion
The experiments described in this paper are the first to demonstrate an effect of 1,25(OH)2D3 on phosphatidylinositol me- min of exposure (54). Studies using calcium-free buffers and inhibitors of calcium release from various cellular compartments suggested that the major effect of 1,25(OH)2D3 was to enhance calcium influx, although 1,25(OH)2D3 also appeared to release calcium from an endoplasmic reticulum pool and to accelerate calcium efflux. In a preliminary report, MacLaughlin et al. (38) found that o0-8 M 1,25(OH)2D3 increased [Ca+2]1 twofold in keratinocytes, whereas no response was seen with 25(OH)D3 or vitamin D3 (38) . In their studies, 1,25(OH)2D3 provoked an increase in [Ca+2]i even in a calcium-free buffer.
Thus, 1,25(OH)2D3 appears to alter the [Ca'21J level in different cell types by several mechanisms, including alterations in membrane calcium influx and efflux, release of various intracellular calcium stores, and by potentiating responsiveness to other agents that operate through cytosolic calcium. In colonocytes and most other cells, the response to 1,25(OH)2D3 is very rapid, consistent with a direct action on cell membranes.
The mechanism by which 1,25(OH)2D3 stimulates membrane phosphoinositide turnover remain to be elucidated. Previous studies have not identified a plasma membrane vitamin D receptor, thus further research is needed to assess the membrane association of 1 ,25(OH)2D3, the role of GTP-binding proteins, and activation of phospholipase C in response to 1 ,25(OH)2D3.
The possible relationship among the rapid increase in [Ca+2]i, protein kinase C activation, and the regulation of transcellular calcium transport also deserves further study. Previous studies have demonstrated enhancement of calcium uptake into intestinal and skeletal muscle cells within 2-5 min of 1,25(OH)2D3 exposure (55-57), a time period consistent with the rapid effects observed in the present paper. It is possible that 1,25(OH)2D3-induced PI breakdown initiates a series of membrane events that increase and ultimately sustain calcium transport, i.e., a "liponomic" mode of action (13). In hepatocytes, 1,25(OH)2D3 increases hepatocyte phospholipase A2 activity after 2.5 min of exposure (40) Further work must be directed toward identifying specific cellular proteins that are phosphorylated after 1,25(OH)2D3-induced protein kinase C activation, and to the elucidation of the functional significance of these target proteins in calcium transport and cell growth and differentiation.
